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Abstract 

We study vortex solutions in Abelian Chern-Simons-Higgs theories with visible and hidden sectors. We 
first consider the case in which the two sectors are connected through a BF-like gauge mixing term with no 
explicit interaction between the the two scalars. Since first order Bogomolny equations do not exist in this 
case, we derive the second order field equations. We then proceed to an A/” = 2 supersymmetric extension 
including a Higgs portal mixing among the visible and hidden charged scalars. As expected, Bogomolnyi 
equations do exist in this case and we study their string-like solutions numerically. 

The possible existence of unobserved particles in a hidden sector coupled to the Standard model particles (in 
the visible sector) or its supersymmetric extensions has recently received much attention in connection with 
dark matter, supersymmetry breaking and also in the context of phenomenological superstring studies (see 
m-m and references therein). 

Concerning gauge theories coupled to Higgs scalars there are two possible renormalizable and gauge invariant 
couplings between the visible and hidden sectors: the gauge kinetic mixing (GKM) and the Higgs portal (HP), 
originally introduced in refs. m-m- Concerning the GKM coupling, in the case of an Abelian gauge symmetry 
C/(l) and visible and hidden coupled Maxwell-Higgs models, the mixing term Lqkm in the Lagrangian reads 

Lgkm = (1) 

where 

F = d^Ai, 

with and G^ the visible and hidden gauge fields respectively and ^ < 10“^ since larger values are experi¬ 
mentally ruled out [ 11 , 0 - 

In the case of the Higgs portal coupling, when the visible f and hidden g scalars are both taken as complex 
charged fields, the mixing term takes the form 

GffP =(2) 
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Concerning the portal coupling for the case in which </> is the standard model’s scalar doublet it is 
often taken as 0(1) when it is motivated by baryogenesis or naturalness |l()j while in the proposal in which rj 
introduces a massless Goldstone boson in connection with the fractional cosmic neutrinos’ problem ^ 0.005 

m- 

Interestingly enough, if one wishes to construct a supersymmetric extension in models with visible and 
hidden Maxwell-Higgs sectors, one should necessarily have to include both kinetic gauge mixing and Higgs 
portal couplings. Indeed, the mixing of the two auxiliary fields D, D' belonging to the gauge superfield 
multiplets forces a mixing of the scalars in the chiral superfields. One also needs to add Fayet-Iliopoulos terms 
in such theories, to set up, via the Higgs mechanism, the required spontaneous breaking of the gauge groups. 
As a result a relation between the mixing parameters ^ and is imposed. A discussion of new physics 
arising from such mixing can be found in | 12 j and references therein. 

Now, we know that there is tight connection between supersymmetry and self-dual (Bogomolny or BPS) 
equations whose solutions also solve the classical field equations of gauge field theories (see m and references 
there). In the case of supersymmetric models with visible and hidden Maxwell-Higgs sectors this connection 
was exploited to find first order BPS equations which exhibit topologically stable string-like solutions m-m- 

Working in 2 -|- 1 dimensions the Chern-Simons-Higgs action also exhibits vortex-like solutions which one 
can find from self-dual equations when the symmetry breaking is achieved with sixth-order symmetry breaking 
potential [16]- m- As in the Maxwell action case, such a specific potential is precisely the one required for 
the supersymmetric extension of the model [18] . 

It is the purpose of the present work to study 2-1-1 dimensional models with visible and hidden sectors in 
which the gauge field dynamics is dictated by Chern-Simons (CS) actions. The natural gauge-field mixing in 
this case takes the form of a HF-term m 


Lgm = (3) 

It should be noticed that apart from the interest per se of the BF theories, this kind of term has played a 
relevant role in the study of self-duality in topologically massive gauge theories m-m and 2 - 1-1 bosonization 
[22]-|23] with interesting applications in condensed matter problems [24j-|25|. 

We shall first consider the case in which visible and hidden sectors are coupled solely by the gauge field 
mixing ([^ and then discuss the supersymmetric extension. In this last case a Higgs portal is necessarily 
present and consists of two sixth order terms of the form (|(/>P)^|? 7 p and with mixing coupling 

constants related to the gauge field parameters in such a way as to ensure supersymmetry and, a fortiori, the 
existence of BPS equations. 

A Chern-Simons-Higgs model with visible and hidden sectors 

We start from the Lagrangian for 2-|-1 dimensional with visible and hidden U(l) gauge fields and dynamics 
governed by Chern-Simons terms coupled to two charged scalars and a gauge mixing term of the form 

C = + (D^^)*{D^^) + (D^pYiD^p) - V[cf\ - V[p\ (4) 

where the covariant derivatives are defined as 

= = 8^,7] - igG^p (5) 

The symmetry breaking potentials and V[rj\ will be fixed below. The Chern-Simons couplings /t, Kh and ^ 
are real constants with dimensions of a mass and Minkowski metric is taken as 5 ^^ = diag(l, —1, —1). Clearly, 
in the limit of ^ 0 we have two decoupled Chern-Simons-Higgs theories which, for a particular choice of 

symmetry breaking potential have shown to be self-dual ng-HI], this being connected with the possibility of 
an A/” = 2 supersymmetric extension [18] . 
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The gauge field equations read 

+ = [t?] , ( 6 ) 

with the conserved matter currents J^{(j)), J^{(j)) given by 

JA4'] = - (j){D^(j))*) , J^[r?] = ig{'q*D° t] - r]{D^g)*) (7) 

The time components of Eqs. (21 )-([2^ read 

-KBA-iBG = A(t>\, -KhBG-^BA = Av\ ( 8 ) 

Magnetic and electric fields are defined as 

Ba = , Ba = -G^^ , E\ = = G°* (9) 


Concerning the field equations for the visible and hidden charged scalars, they read 

D,iA)D^iA^ = , D,{G)D^iG)r, = ( 10 ) 

As already mentioned, when there is just one sector and the Higgs potential is sixth order the CS-Higgs model 
becomes self-dual and one finds first order field equations whose static rotationally symmetric solutions also 
solve the Euler-Lagrange equations. This can be done a la Bogomolny [5^, by writing the energy as a sum 
of squares plus a topological term m-m- In the present case, because of the gauge field mixing the energy 
cannot be written in this way so that first order Bogomolny equations do not exist for any choice of Higgs 
potentials in which the two scalars do not interact. Of course, one can solve the second order field equations 
([^ with vortex like solutions. We shall now discuss this issue choosing sixth-order potentials for both scalars, 
which is the standard choice for the system with one sector only leading to BPS equations m-m, 

V[^] = . V[^] = ( 11 ) 

It is convenient to work with dimensional variables x ^ xj (ec/jp), (j) —>■ 4’4‘o, V V’t’o, —>■ G^ —>■ G^(/)g 

and redefine coupling constants h = gje and k = k/c, kh = Kh/g, ^ g, Vo = Vo/'Po- 

Then, after proposing the usual Nielsen-Olesen [27] ansatz, which in polar coordinates (t, 6) reads 


</' = /(r)e“i®, Ae = -^, A, = 0 

r 

r; = g(r)e“^^ G, =G, = 0 (12) 

r 

the resulting field equations read 

2Aof = k-+h^-, (13) 

r r 

2hGoq^ = kh-+^-, (14) 

r r 

- {—Til + a) /^ = fcAg -|- /i^Gq, (15) 

r 

— {—712 + hb) (f' = fc/iGg -|- ^Aq, (16) 

/" + 7 - ^ (-ni + a)V + Alf = {4f - Sf - l) , (17) 

q” + \ {-712 + hbf q + h^Glq = ^q - 3q'^ - g^) . (18) 
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The vortex-like solutions of these equations, in which both scalar fields condense in the vacuum breaking 
their respective gauge symmetries, are qualitatively similar to those found in an analogous supersymmetric 
model which we investigate below. In particular, the results of variations of the gauge mixing parameter on 
the field profiles are identical in both systems. Therefore, in order not to present similar plots repeatedly, we 
refer the reader to the supersymmetric section for numerical solutions. 

At this point it is interesting to note that when just one of the U{1) symmetries is spontaneously broken the 
theory can be cast in a very simple way. Let us assume that the hidden sector has an unbroken U{1) symmetry, 
while the visible one has a broken one (we could have chosen the other way around as well). The simplest way 
to achieve this is by eliminating the hidden scalar sector so that all r] dependent terms in Lagrangian @ are 
absent. In that case the kinetic mixing term can be eliminated by rotating the hidden field through the term 

Gfj, = (19) 

so that the Lagrangian reduces to one with no gauge fields mixing, 

L = + {D^[A](j,nD^[A]cl>) - V[^]. (20) 

where k = k — /kh- The equations of motion for A^ then become the ones of the ordinary CS-Higgs model, 

= ie{rD^<t> - ( 21 ) 


while that for G^ corresponds to the pure CS theory. 




( 22 ) 


Using this equation and eq.(19l one finds a relation between the original hidden and visible magnetic fields 

(23) 




Ba = - Ba- 

Kh 


Hence, although the hidden gauge symmetry is unbroken the existence of vortices with magnetic flux in the 
sector where the symmetry is broken implies a non-trivial magnetic flux <I>g for the hidden sector, due to 
gauge mixing of the sectors. In particular, the vortex like solution for the magnetic held prohle in the broken 
symmetry sector implies through this relation a vortex like magnetic held prohle for the unbroken sector. 


The time component of eq.(|2l| allows us to write the usual Gauss-like relations of CS theories between Aq 

Ba 


and the magnetic held, namely 


Ao = k 


26 ^ 101 ^ 


(24) 


Inserting this relation in the Tqq component of the energy-momentum tensor 
we hnd for the energy 


® (|V^- + + P'S) 

which is just the expression for the energy of the ordinary self-dual Chern-Simons vortices discussed in [SJ-HI] 
if the Chern-Simons k parameter is taken as 

K = K (I - - —^ (26) 

V 
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so that the usual magnetic flux/matter charge can be seen to be, in the visible sector 


Qvis = / (fxJ° = -K^A 


(27) 


One can also see the visible sector acts as a source of electric charge Qhid for the hidden one, since taking the 


zeroth component of eq.(22) and using (27) one finds that 


l^hid — Q 
Kh 


(28) 


Since in the present case the energy of the model with visible and hidden sector has been reduced to an 


effective model with just one sector, one can find a Bogomolny bound for the energy (25) that is saturated 
satisfying the usual CS-Higgs self-dual equations first obtained in refs. [16]- m 

In this case, where the system diagonalizes to a single sector, the numerical solutions have been described 
in detail in [ 16 ] - m and we shall solely mention here that in contrast to the case of the Nielsen-Olesen vortex, 
in which the magnetic field has its maximum at its center, the magnetic field for the Chern-Simons vortex 
is concentrated in a ring surrounding the zero of the Higgs field and a similar behavior holds for the electric 
field. 

The JV = 2 supersymmetric extension 

Within the Af = 2 supersymmetric extension of Chern-Simons theories coupled to charged fields one in¬ 
troduces (in a language analogous to 4D AC = 1 supersymmetry) a vector superfield V, composed (in the 
Wess-Zumino gauge) of a gauge field a 2-component complex spinor y, a real scalar field M and the 
auxiliary scalar field D [T^.[28]-[3n] 


V = 2ieeM + 29-i^eA^ + V2i0^9x - V2i9^9x + 9^9^D 


(29) 


with the 7 -matrices taken as the Pauli matrices with 7 ° = cr^, 7 ® = tr®. 

Concerning matter content, one introduces a chiral superfield $ a complex scalar cj), a complex fermion a 
and an auxiliary field F components. 

The Chern-Simons-matter action composed of these superfields reads 


S = J J dP9cP9 {kVT, + exp"*®'^ $) 

with S (the linear multiplet) defined as 


S = 


The component fields Lagrangian derived from the superaction (30) takes the form 


L = K{e^''PAf_,d„Ap -XX + 2DM) F \Dp(, 
—eaaM -|- iexcrfj) — ieax4’- 

Concerning SUSY variations, one has 


-|- iax^Dpa + |Fp — (e^M^ — eD)\cj)\'^ — 


(30) 

(31) 

(32) 


-2i5Ap = eXpX - Xltif- 2(5M = ey - ye 

54> = la 2SD = Ix^dpX ~ 9^X1^^ idF = l^^Dpa. 

Sx = - iD - x^dpM]e 5a = {-ix^Dp4> - M(l) + F)e 

The F term vanishes, since we impose no superpotential, and one can eliminate the non-dynamical fields 
M and D from their algebraic field equations: 


- 2k^D = 


-4), -2KM = e{\5>f-^o). 


(33) 


5 






When reintroduced back into the action, this generates the sixth-order potential originally proposed in m-m 
in the search of BPS equations and derived in the M = 2 supersymmetric context in m 


Veff = e 






A2^2 

»o) 


(34) 


Indeed, within the context of supersymmetry the first order BPS equations can be obtained by imposing 
that all fermions and their supersymmetric variations vanish everywhere m, as first shown for the CS theory 

in[TH]. 

We are now ready to consider Chern-Simons-Higgs actions both for the visible and for the hidden sectors 
coupled through a CS like mixing term. We then consider as a starting point the supersymmetric action 


Sm=2 = $] + KhS2[U, fl] - ^S,nt[V, U]. 


(35) 


Here V, $ and U, are the vector and scalar superfields of the visible and hidden sectors respectively. The 
components of V and <i> are those introduced in above. Concerning the hidden vector and chiral scalar 
superfields, we denote their components as t/ = {N,G^,T,d) and = {ri,p,f ). 

The interaction Smt takes the form 


J Sxd'^e U^ = J d^xd^ dVT = J d^x -\{xt + ry) + 2DN + 2dM^ 

From the field equations of auxiliary fields D,d,M,N one gets: 


(36) 


JD-- «M = -f( 


m- kD = e'^M\(j)\'^ +^d ^ : Khd = g'^N\r]\^ + 

These are two 2x2 linear systems of equations, the solution of which is 

1 


M = - 

N = - 

D = - 

d = - 


2{KKh - C^) 

1 

2{KKh - C^) 


2{KKh - - C) 

9^\V\^ 


2{KKh - ^^){Kh - 0 


- 4>l) + C5(hP - vl)) 

(K5(|77p - ?7o) +Ce(|^P - 4>l)) 

((eK?,|(<))p - (g) + 5C(hP - Vo)) 

(e?(|<)>P - <)>o) + 5K(bP - ?7o)) 


(37) 

(38) 

(39) 

(40) 

(41) 


Using eqs.(37l in the Lagrangian and using eqs.(|37[) the effective potential becomes simply 

- (1)1) + ^gi\r]\^ - iio)f e^\(j)\'^ + {ngilvl^ - Vo) + ^e{\(j)\^ - (l)^))'^ g'^\g\'^) (42) 
and we have the symmetric BPS equations 

Fi 2 = ±- (t)l) + Cg{\v\‘^ - Vo)) Di[A](l) ± D 2 [A](j) = o 


Gi2=± 


i{KKh-i^)(K,h-0 


[gK{\v? - Vo) + eC(|</>P - (/)l)) Di[G]v ± D 2 [G]g = 0 


(43) 


These are the Bogomolny equations of the supersymmetric Lagrangian (32) with all fermionic fields put to 
zero and auxiliary fields replaced using their algebraic field equations 


L = Ke^‘'PA^d,Ap + Kht^''PGpdMp + 2^e>^''PApd,Gp + \Dp[A](j)\^ + \Dp[G]g\^ - V,s[(t),g\ 


(44) 
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Switching to the dimensionless units p —>■ </) = 4>l4‘Oi V = v/vo and using a rotational ansatz like that in 

(12) the BPS equations reduce to 


dpAe = - 1) + ^ 


%Ge = -: 


W 

I'll" 


(?e 


- 1) + K/i5(|j7p - ^ 


pdpij) = (^(1 - e^e) 
pdpf] = gGe) 


(45) 


Concerning the Gauss Law resulting from Lagrangian (44) using again eqs.(37) they can be written in the 
form 


^0 = Y = ^2) + ^g(l^l" - ^o)) 

Go = y = - g2) - ^o) + Ce(l<('P - 0o)) (46) 

The appropriate boundary conditions for string-like solutions are 

^(0)=0, 7)(0) = 0 Y0)=0, G(0) = 0 

^(i?) = 1, fj{R) = go/(l}o A{R) = l/e, G{R) = l/g, 


where in the second line the limit of the radial variable R —>■ oo should be taken. These solutions are 
topologically stable. 

In order to solve (45) we used a finite difference numerical procedure taking a value i? = 40 for the large 
radial distance in (47). We show in figure 1 the resulting hidden and visible charged scalars, magnetic and 
electric fields for different values of the hidden gauge coupling g keeping all other parameters fixed. Although 
the value chosen for the mixing parameter is not very small, we see that the visible fields are not much affected 
by the changes in g. In contrast, as it was to be expected, as the coupling between the hidden gauge field 
and charge scalar grows the vortex core becomes tighter and tighter and the magnitude of the magnetic and 
electric fields maxima get higher. Due to the symmetry of the BPS equations under interchange of the visible 
and hidden fields an identical result with their role interchanged for the visible sector is obtained when instead 
of g one considers different values of the visible coupling constant e. 

We study in figure 2 the behavior of scalar, magnetic and electric fields under changes in the mixing 
parameter We see that both the magnitude of magnetic and electric fields become larger as ^ grows. Figure 
3 shows the dependence of the scalar and magnetic fields under changes in the scalar vevs relative value. 
Tighter vortex cores and larger magnetic field maximums correspond to larger ratios go/4’0- We see that as 
the scalar vev is lowered, there is a smearing of the electric field towards larger distances. 


Summary and Conclusions 

We have studied visible and hidden sectors in theories in which gauge dynamics is dictated by Chern-Simons 
actions including the Af = 2 supersymmetric extension. Instead of the usual kinetic gauge mixing introduced 
in 3 -b 1 space-time dimensions, in the planar case the natural gauge mixing is a BF term. As for the portal 
term arising in the supersymmetric extension it corresponds to sixth-order polynomials mixing the two charged 
scalars. 

When the portal term is not included, no Bogomolny first order equations can be found. A particularly 
interesting phenomenon takes place in this case when one of the two charged scalars is absent. Hence there 
is no gauge symmetry breaking in the corresponding sector but, nevertheless, vortex-like solutions exist with 
both quantized magnetic flux and electric charge. 

Concerning the supersymmetric extension, we found the associated BPS equations and studied them nu¬ 
merically, determining in particular how the magnetic, electric and Higgs field profiles depend on the relevant 
parameters constructed from coupling constants and masses of the model. 
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As stated in the introduction, BF terms associated to CS theories have played a relevant role concerning 
self-duality in topologically massive theories and bosonization of Thirring like theories in 2 -|- 1 dimensions 
[22]-[21]- We expect to study this issue in the case of models with hidden sectors in a forthcoming publication. 
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Figure 1: Field profiles at k = 2, kh = 3, (j)o/vo = 1, e = 3 and ^ = 1, changing g between 1.4 and 2.2 in steps 
of 0.2, with highest g corresponding to tighter vortex core. Plots on the second line include electric (dashed 
line) and magnetic fields (solid line) for both the A (left column) and G (right column) fields. 





Figure 2: Field profiles at k = 2, /t/i = 3, e = 2, 5 = 2 and go/4>o = 1 changing ^ between 0.6 and 1.6 in steps 
of 0.2, with highest ^ corresponding to larger magnitude of magnetic fields. Plots on the second line include 
electric (dashed line) and magnetic fields (solid line) for both the A (left column) and G (right column) fields. 
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Figure 3: Field profiles at k = 2, /c/j = 3, e = 2, g = 2 and ^ = 1, changing ryo/^o between 0.6 and 1 in steps of 
0.2, with highest 77o/</>o corresponding to tighter vortex core. Plots on the second line include electric (dashed 
line) and magnetic fields (solid line) for both the A (left column) and G (right column) fields. 
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